a r t I C l e S During development of the nervous system, axons project from neu ronal cell bodies and connect with the appropriate target cells. Nerve growth cones at the tips of extending axons mediate this pathfind ing through the extracellular matrix (ECM) by sensing gradients of chemotropic factors and initiating attractive or repulsive steering 1 . Chemotactic growth cone guidance is also important in the context of nervous system injury, as factors released from the breakdown of myelin may act as chemorepellents and inhibit axon elongation, thereby preventing functional recovery 2 . Understanding the mole cular mechanisms that mediate axon growth inhibition and chemo repulsion could provide important insights for developing strategies to enhance neuroregeneration after injury or degenerative disease.
a r t I C l e S During development of the nervous system, axons project from neu ronal cell bodies and connect with the appropriate target cells. Nerve growth cones at the tips of extending axons mediate this pathfind ing through the extracellular matrix (ECM) by sensing gradients of chemotropic factors and initiating attractive or repulsive steering 1 . Chemotactic growth cone guidance is also important in the context of nervous system injury, as factors released from the breakdown of myelin may act as chemorepellents and inhibit axon elongation, thereby preventing functional recovery 2 . Understanding the mole cular mechanisms that mediate axon growth inhibition and chemo repulsion could provide important insights for developing strategies to enhance neuroregeneration after injury or degenerative disease.
Many axon guidance cues, cognate receptors, and early mes sengers have been identified, yet our understanding of the cellular processes underlying growth cone chemotaxis remains incomplete. Current models rely heavily on cytoskeletal rearrangements, but in vivo studies have demonstrated that regulated adhesion to the ECM is also critical for proper pathfinding 1, [3] [4] [5] . The body of evidence, derived largely from nonneuronal cell types, indicates that ECMadhesions can be regulated by nonmutually exclusive mechanisms. These include modulation of ECMreceptor affinity for the substrate, recruitment of adaptor and signaling proteins, and the spatial distribution of ECMreceptors. For instance, the diffus ible guidance cue semaphorin 3A (sema3A) can both reduce the activation state of β 1 integrin receptors 6 and promote disassembly of paxillincontaining adhesions in the growth cone 7, 8 . Whether a dif fusible cue can modulate the spatial distribution of integrin receptors during growth cone turning is unknown, although recent findings indicate that the spatial distribution of integrin receptors must be regulated during fibroblast and invasive cancer cell migration 9 . In these migrating cells, internalization of integrin receptors may facili tate disassembly of adhesions 10 .
The main factors in myelin that inhibit axon extension and repel migrating growth cones are MAG, oligodendrocyte myelin glyco protein and Nogo. The functional receptors and complex signaling mechanisms for these structurally unrelated factors are still being defined [11] [12] [13] [14] . A gradient of MAG can stimulate Nogo receptor (NgR) complex dependent asymmetric focal Ca 2+ signals in the growth cone that are necessary for chemorepulsion 15, 16 . These lowamplitude Ca 2+ signals are sufficient to induce growth cone repulsion when applied asymmetrically 17, 18 , although the downstream effectors are largely unknown 19 . Because intracellular Ca 2+ is a central regulator of vesicle dynamics in neurons 20, 21 , we hypothesized that a gradient of MAG could induce asymmetric endocytosis across the axis of the growth cone to remodel adhesions and initiate repulsive turning.
We here show that a focal gradient of MAG can induce polar ized endocytosis concomitant with asymmetric redistribution of β 1 integrin and vinculincontaining contact adhesions in axonal growth cones. Polarized integrin function was both necessary and sufficient to induce chemorepulsive growth cone steering. Finally, the endocytic removal of β 1 integrin was positively regulated by Ca 2+ signaling and required clathrinmediated endocytosis, which was also necessary for MAGinduced chemorepulsion. These findings are, to our knowl edge, the first demonstration that a diffusible guidance cue can direct trafficking of integrin receptors to redistribute ECM adhesions asymmetrically during chemotactic growth cone guidance.
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VOLUME 13 | NUMBER 7 | JULY 2010 nature neurOSCIenCe a r t I C l e S RESULTS A MAG gradient polarizes endocytosis in nerve growth cones To test whether a gradient of MAG stimulates polarized endocytosis during repulsive growth cone turning, we devised a livecell assay to visualize the formation of endocytic vesicles by transiently labeling the growth cone plasmalemma with the lipophilic styryl dye FM 595. A brief dye pulse from a micropipette positioned in front of the leading edge of the growth cone labeled the surface membrane, and the fast destaining properties of FM 595 allowed us to rapidly monitor endocytic events using confocal microscopy at 1 Hz in real time (Fig. 1) . We observed an unexpectedly rapid rate of constitu tive endocytosis in motile growth cones, which was often focused at 'hot spots' in the peripheral domain and near the base of filopodia ( Fig. 1a and Supplementary Videos 1 and 2) . The formation of endocytic vesicles was stochastic, with a random distribution across the lateral axis of the growth cone (Fig. 1c-e,i) . The focal spots of endocytic activity lasted tens of seconds, and nascent endocytic vesicles moved rapidly from the plasma lemma into the growth cone central domain ( Fig. 1a and Supplementary Videos 1 and 2) . Similar assays using fluorescent dextran as a fluidphase marker confirmed that FM 595-containing structures were inter nalized vesicles and tubular endosomes ( Supplementary Fig. 1 and Supplementary  Videos 3-5) . The results of these realtime observations are reminiscent of early endo cytic profiles detected in electron micro graphs of chick growth cones 22 .
Focal application of a MAG gradient from a second micropipette positioned to one side of the growth cone caused a notable shift in endocytic vesicle formation toward the side nearer the MAG point source (Fig. 1b,f and Supplementary Videos 6 and 7). We measured the asymmetry of endocytosis by calculating the difference in the center of mass of labeled endocytic vesicles from the spatial center of the growth cone. Using this method, we found that endocytic events were asymmetrical along the lateral axis of the growth cone, as measured 5 min after the onset of the MAG gradient, before the growth cone had executed repulsive turn ing ( Fig. 1g-i) . This asymmetry was most detectable within 15 s of surface labeling, most likely because significant retrograde movement of nascent endocytic vesicles occurred over time, leading to a more Gaussian distribution. Such polarized endo cytosis may facilitate the removal of surface receptors, membraneassociated proteins and bulk membrane preferentially from the lagging edge in the early events initiating repulsive growth cone turning.
MAG stimulates endocytosis of b 1 -integrin Because components of integrincontaining adhesions can mediate axon pathfind ing in vivo 4 and endocytosis of β 1 integrin participates in the disassembly of focal adhesions in migrating fibroblasts 10 , we tested whether β 1 integrin was a functionally relevant cargo in the nascent endocytic vesicles stimulated by MAG. To monitor the trafficking of β 1 integrin from the surface membrane, we generated Fab fragments of an antibody to β 1 integrin (β 1 Fab) to directly measure integrin endocytosis while avoiding clustering and activation induced by whole anti bodies (Fig. 2) . Xenopus spinal neurons grown on fibronectin were incubated with β 1 Fab at 8 °C to prevent endocytosis while allow ing surface binding (Fig. 2a) . After a defined internalization period (20 min; see Online Methods), we removed uninternalized β 1 Fab by a lowpH wash to reveal β 1 integrin in endocytic vesicles (Fig. 2b) . Uniform treatment with MAG during the internalization period significantly increased the amount of endocytosed β 1 Fab com pared to that in controls (Fig. 2c,g ). Treatment with soluble laminin, which has been shown previously to bind directly and downregulate integrin heterodimers 23 , also stimulated the rate of β 1 integrin endo cytosis (Fig. 2g) . a r t I C l e S Addition of the fluidphase endocytosis marker fluorescent dex tran during the internalization period labeled the endocytic compart ments containing β 1 Fab (Supplementary Fig. 2 ). This confirmed these as intracellular compartments rather than integrin clusters on the plasmalemma. Moreover, performing the lowpH wash imme diately after the surfacebinding step, without internalization, effec tively removed surface β 1 Fab (Fig. 2d) . The β 1 antibody was specific toward β 1 integrin, as knocking down expression of β 1 integrin with a morpholino oligonucleotide significantly decreased binding to the growth cone surface as measured by immunofluorescence (Fig. 2e,f and Supplementary Fig. 3 ). Treatment with MAG had no effect on the binding of β 1 Fab to the growth cone plasmalemma (108.2% ± 8.1 s.e.m., n = 89, as a percentage of that in vehicletreated controls (100.0% ± 8.1, n = 59; P = 0.55), MannWhitney Utest). MAG treat ment also had no significant effect on fluidphase endocytosis of fluorescent dextran in growth cones on either nonECM substrates (polydlysine + vehicle, 100.0% ± 7.2; polydlysine + MAG, 118.5% ± 15.5; P = 0.68, MannWhitney Utest) or ECM substrates (fibronec tin + vehicle = 227.1% ± 41.4; fibronectin + MAG = 137.0% ± 12.7; P = 0.36, MannWhitney Utest; see Supplementary Fig. 4 ), indi cating that MAGstimulated internalization of β 1 integrin was not secondary to stimulation of a nonselective bulk endocytic process.
MAG-induced redistribution of b 1 -integrin adhesions
The stimulated internalization of β 1 integrin by MAG may regulate the surface distribution of integrin receptors available for interactions with the ECM across the axis of the growth cone. To test for spatial asym metry of β 1 integrin during growth cone repulsion, live growth cones were treated with a MAG gradient (5 or 15 min), then immediately fixed and immunostained for surface β 1 integrin using nonpermeabi lizing conditions. The same growth cone was then imaged using total internal reflection fluorescence (TIRF) microscopy ( Fig. 3) , which enabled the detection of β 1 integrin at specifically the ventral sur face, where interactions with the underlying fibronectin substrate take place. In untreated growth cones, surface β 1 integrin was enriched in the peripheral domain, with a symmetric distribution across the lateral axis of the growth cone (Fig. 3a) . Stimulation with a MAG gradient for 5 min caused a significant shift in the distribution of β 1 integrin on the growth cone surface, with decreased levels on the side nearer the MAG point source (Fig. 3b,e) . This shift was less evident after a 15min exposure to the MAG gradient (Fig. 3e) , suggesting that asymmetric redistribution of β 1 integrin is an early event that precedes turning of the growth cone away from the repulsive MAG gradient.
Integrin receptors within contact adhesions at the surface mem brane recruit adaptor proteins to functionally link to the actin cytoskeleton. We tested whether a MAG gradient could polarize the recruitment and plasmalemmal distribution of vinculin, a known component of adhesion sites in the growth cone 24 . After treat ing growth cones with a MAG gradient and immunostaining for vinculin, we labeled total protein with an aminereactive fluorescein (DTAF) to account for differences in growth cone thickness. Clusters of vinculincontaining puncta were present in the growth cone peri pheral domain and are likely to represent sites of adhesion to the ECM (Fig. 3c) , although much of the total vinculin staining was localized to the central domain. Regions on the ventral plasmalemma enriched in vinculin relative to total protein were clearly evident in the vinculin: DTAF ratiometric images (Fig. 3c, bottom panel) . Whereas vinculin recruitment was symmetric in untreated growth cones (Fig. 3c,e) , treatment with a MAG gradient (5 min) induced a loss of symmetry with decreased membrane recruitment of vinculin on the side nearer the MAG point source (Fig. 3d,e) . This asymmetric shift in vinculin distribution at the plasmalemma paralleled that seen for β 1 integrin (Fig. 3b,e) . These results support the idea that a MAG gradient can induce asymmetric adhesion across the axis of the growth cone to initiate chemorepulsive turning. A MAG gradient caused no polari zation in the plasmalemmal distribution of phosphofocal adhesion kinase (FAK, phosphoTyr397) relative to total protein, suggesting that autophosphorylation of FAK at Tyr397 may not participate in the asymmetric remodeling of β 1 integrin and vinculincontaining adhesion sites induced by MAG (Supplementary Fig. 5 ).
Chemorepulsion involves polarized integrin function
The MAGinduced redistribution of β 1 integrin at the ventral surface membrane may impose polarized integrin function across the growth cone axis. Therefore, equalizing integrin function on both sides of the growth cone may abolish MAGinduced chemorepulsion. As expected, a microscopic gradient of MAG induced repulsive turning (−16.7° ± 6.3 s.e.m.) when focally applied at a 45° angle across the axis of the growth cone (Fig. 4) . Uniform treatment with Mn 2+ (1 mM), an established activator of fibronectin receptor hetero dimers 25 , abolished growth cone repulsion induced by a MAG gradient (−0.4° ± 4.6; Fig. 4b,e) . Likewise, inhibiting integrin function on both a r t I C l e S sides of the growth cone by uniform treatment with a β 1 integrin functionblocking antibody ablated the MAGinduced repulsion (−0.7° ± 3.8; Fig. 4c ,e), whereas treatment with a normal rabbit IgG control antibody had no effect (−12.0° ± 2.8; Fig. 4e ). This function blocking antibody was specific toward β 1 integrin ( Supplementary  Fig. 3 ) and inhibited axon outgrowth when used at high doses (data not shown) but did not inhibit outgrowth at the concentration used for turning assays (Fig. 4f) . In contrast, downregulating global β 1 integrin levels with an antisense morpholino oligonucleotide severely inhibited axon outgrowth on fibronectin ( Supplementary Fig. 6 ), which precluded its use in functional growth cone turning assays. Treatment with Mn 2+ , which increased axon length in an overnight axon outgrowth assay ( Supplementary Fig. 6 ), had minimal effect on growth rate during the 1h growth cone turning assay (Fig. 4f) . We next tested whether inhibiting the function of β 1 integrin unilaterally would, by itself, induce repulsive growth cone turning. Notably, a microscopic gradient of β 1 integrin functionblocking antibody (0.4 mg ml −1 in the pipette) was sufficient to induce growth a r t I C l e S cone repulsion (−9.3° ± 3.7) that recapitulated turning induced by MAG (Fig. 4d,e) . This response varied with the amount delivered. Higher concentrations caused only a trend toward repulsion (−5.7° ± 4.3 at 1 mg ml −1 ; −4.0° ± 6.0 at 2 mg ml −1 ), likely owing to saturation of antibody binding sites leading to equivalent functional inhibition on the two sides of the growth cone. The estimated concentration of functionblocking antibody at the growth cone (0.5 μg ml −1 ) was near the limit of detection by immunofluorescence microscopy (data not shown). A gradient of control antibody caused no preferential turning (0.6° ± 5.2; Fig. 4e ). These findings support the notion that breaking the symmetry of integrincontaining adhesions across the growth cone is both necessary and sufficient to induce growth cone turning.
MAG stimulates surface removal of b 1 -integrin Stimulated endocytosis of β 1 integrin may functionally reduce the amount of receptors available for interactions with the ECM at the growth cone plasmalemma. Alternatively, surface levels may remain unchanged or increase if rates of endocytic recycling and exocytosis increase concomitantly. To address this, we measured β 1 integrin levels at the growth cone surface by immunofluorescence microscopy on unpermeabilized cells (Fig. 5a ). Uniform treatment with MAG triggered a rapid reduction in total surface β 1 integrin within 1 min and a maximum 35% ± 5.0 (s.e.m.) reduction after a 5min treat ment (Fig. 5a,b) . Surface β 1 integrin recovered at later time points, returning to within 10% of prestimulation levels after a 90min MAG treatment (Fig. 5a,b) . The MAG treatment did not induce a similar downregulation of α 5 integrin (Supplementary Fig. 7) , one of several known αsubunit receptors for fibronectin. Most spinal neurons expressed low levels of α 5 integrin (data not shown), suggesting the possibility that additional αsubunits may interact with β 1 integrin as a functional fibronectin receptor in these neurons.
To further examine whether surface levels of an unrelated receptor are also downregulated by MAG treatment, we used the same approach to measure Ncadherin at the growth cone plasmalemma. A 5min treatment with MAG caused no surface removal of Ncadherin (−2.2% ± 3.7 s.e.m., n = 98) compared to vehicle treatment alone (0% ± 3.7, n = 98; P = 0.68, ttest; Fig. 5c ). This is in contrast to the MAGinduced removal of β 1 integrin, which was maximal at 5 min. Taken together, these results suggest that MAG induces a selective redistribution of surface receptors rather than indiscriminate bulk removal of all membraneassociated proteins.
The observation that uniform treatment with Mn 2+ prevented chemorepulsion induced by a MAG gradient (Fig. 4b,e) prompted us to ask whether Mn 2+ treatment affected the surface removal of β 1 integrin. Using the same surfacelabeling approach, we found that a 30min pretreatment with Mn 2+ alone significantly increased β 1 integrin levels at the growth cone plasmalemma compared to that in untreated controls (Fig. 5d) . This increased surface expression of β 1 integrin provides a noteworthy correlate to the Mn 2+ stimulation of axon outgrowth measured in an overnight assay ( Supplementary  Fig. 6) . Notably, however, a 5min MAG treatment caused no surface reduction of β 1 integrin after the Mn 2+ pretreatment (Fig. 5d) .
We showed previously that MAG stimulates intracellular Ca 2+ signals in the growth cone that are necessary for chemorepulsion 15 . Addition of the cellpermeant chelator BAPTAAM, which effec tively buffers intracellular Ca 2+ and abolishes growth cone repulsion by MAG, also prevented the MAGinduced removal of β 1 integrin from the growth cone surface (Fig. 5e) . Because phosphatidylinositol (Fig. 5e) . Activation of the NgR complex also stimulates the rhoA-ROCK pathway, which is necessary for the MAGinduced inhibition of axon outgrowth 27 . Addition of the cellpermeant ROCK inhibitor Y27632 did not prevent surface removal of β 1 integrin induced by MAG. Treatment with BAPTAAM, LY294002 or Y27632 alone yielded a nonsignificant trend toward lower surface levels (Fig. 5e) . Collectively, these findings support the notion that Ca 2+ and PI3K signals facilitate the endocytic removal of β 1 integrin from the growth cone surface membrane, whereas ROCK activity is dispensable. (Fig. 6a,c) to 75 nM (Fig. 6b,c) . Presetting [Ca 2+ ] e to 75 nM in the absence of ionomycin had no effect on integrin endocytosis (Fig. 6c) To determine whether the Ca 2+ induced endocytosis was sufficient to reduce β 1 integrin levels at the growth cone plasmalemma, we used the surface immunolabeling assay (Fig. 5) while manipulating [Ca 2+ ] i as described above. Presetting [Ca 2+ ] e to 75 nM alone had no effect on surface β 1 integrin levels when compared to results in normal saline (Fig. 6d,f) , which agrees with the equivalent binding of β 1 Fab to live cells in normal or lowCa 2+ saline. Addition of ionomycin for either 5 or 20 min, which set [Ca 2+ ] i to 75 nM, triggered a surface removal of β 1 integrin compared to the levels measured when [Ca 2+ ] e was set to 1.26 mM or 75 nM without ionomycin (Fig. 6d-f) . Collectively, these findings demonstrate for the first time that Ca 2+ signals can stimulate the rapid endocytosis of β 1 integrin and alter the amount of surface receptor available for functional interactions with the ECM.
MAG-induced turning requires clathrin-mediated endocytosis
To further define the mechanism of the MAGinduced surface reduction of β 1 integrin at the growth cone plasmalemma, we tested the role of clathrinmediated endocytosis (CME), which is prominent in the growth cone 22, 28 and has been shown to internalize integrins 29 . To functionally inhibit CME specifically, we expressed the dominant inhibitory clathrin binding domain of the endocytic scaffold protein AP180 (AP180C; see Online Methods), which sequesters cytosolic clathrin 30 . A 5min treatment with MAG stimulated a 32% (± 10 s.e.m.) surface removal of β 1 integrin in spinal neuron growth cones expressing red fluorescent protein (RFP) alone (Fig. 7a,b) , which paralleled that observed in nonex pressing growth cones (Fig. 5) . In contrast, expressing an RFPAP180C chimera significantly inhibited the MAGinduced surface removal of β 1 integrin (13% ± 7; Fig. 7c,d) . Expressing RFPAP180C had no effect on the basal level of plasmalemmal β 1 integrin in untreated growth cones compared to RFP expression alone (Fig. 7d) .
If endocytic removal of β 1 integrin is functionally relevant for growth cone turning, then inhibiting CME should abolish MAG induced chemorepulsion. We tested this using the growth cone turning assay while expressing RFP or RFPAP180C (Fig. 7) . As expected, a MAG gradient induced repulsive turning of nonexpressing (−12.8° ± 3.1, s.e.m.) or RFPexpressing (−10.2° ± 4.1) growth cones compared to a vehicle control gradient (1.9° ± 4.3; Fig. 7e,f,h) . In con trast, expression of RFPAP180C reduced the MAGinduced repul sive turning to −4.6° (± 3.5), which was not a significant repulsion compared to that seen with the vehicle control gradient (Fig. 7g,h ). 
r t I C l e S
The rate of axon extension was unaffected by overexpression of RFP AP180C or RFP alone (Fig. 7h) , which agrees with published findings that clathrinindependent endocytic pathways are constitutively active in the growth cone and support basal outgrowth 20, 31 . Taken together, these results indicate that CME mediates the stimulated removal of β 1 integrin from the growth cone surface and is necessary for repul sive turning induced by MAG.
DISCUSSION Polarized endocytosis in the growth cone
This study reveals a functional role for endocytosis stimulated by a diffusible guidance cue and provides insights into the coordination of membrane trafficking and ECM adhesion during chemotactic growth cone guidance. We found that the inhibitory factor and chemorepel lent MAG stimulated membrane internalization and endocytosis of β 1 integrin by CME. This endocytic activity correlated with the de enrichment of β 1 integrin and the adhesion protein vinculin on the lagging edge closest to the MAG point source. A gradient of MAG was unable to repel axons when either asymmetric integrin function or CME was abolished. Finally, we show that the same lowamplitude Ca 2+ signals mediating MAGinduced growth cone repulsion were both necessary and sufficient to trigger endocytosis of β 1 integrin. Altogether, these findings identify rapid endocytosis of adhesion receptors as a key cellular effector process downstream of Ca 2+ signals during growth cone chemorepulsion (see Supplementary Fig. 8 ).
Growth cones respond to gradients of diffusible guidance cues by asymmetrically amplifying early intracellular signals, including Ca 2+ (refs. 15,32) and inositol1,4,5triphosphate (ref. 33) . Subsequent cel lular effector processes recently demonstrated to be polarized across the axis of the growth cone during chemotactic turning include actin translation 34 , actin assembly 35 and exocytic trafficking 36 . Here, we show that endocytosis is also polarized during growth cone repul sion. Our live cell assay revealed that MAG stimulated asymmetric endocytosis rapidly (5 min), tens of minutes before the growth cone turns. This rapid endocytosis correlated with the timing of β 1 integrin internalization and surface redistribution induced by MAG, support ing the notion that endocytic removal of β 1 integrin is an early step in the initiation of chemorepulsive turning.
Regulation of ECM adhesions by integrin redistribution
Redistributing integrin receptors across the lateral axis of the growth cone provides a mechanism whereby adhesion to the ECM can polar ize to initiate turning. Recently, integrin trafficking has gained atten tion as a mechanism by which migrating fibroblasts, epithelial cells and invasive tumor cells can redistribute integrins to the leading edge to drive cell migration 9, 29 . Both endocytosis and exocytosis of integrins are polarized to the leading edge of these migrating cells and have been proposed to facilitate the disassembly and assembly of ECM adhesions, respectively, to increase adhesion turnover 9, 10 . The idea that a balance of endocytic and exocytic trafficking of integrins is required for optimal cell migration leads to the prediction that exogenous factors favoring internalization would downregulate sur face integrin receptors and promote adhesion disassembly. Our find ings that MAG stimulated integrin endocytosis and triggered surface removal of β 1 integrin and vinculin on the repellent side support such a model in the guidance of growth cones.
In addition to modulating the levels of integrin at the surface membrane, MAG may preferentially remove integrins from adhe sion complexes to directly regulate traction to the ECM. Although our experiments did not test this directly, precedence exists for internalization of β 1 integrin at focal adhesion sites in migrating fibroblasts 10 . Alternatively, endocytic removal of integrins not part of adhesive complexes could reduce the pool available for clustering and modulate the probability of nascent adhesion formation.
Integrin endocytosis downstream of intracellular Ca 2+
Our observations that Ca 2+ signals were both necessary and suffi cient for the endocytic removal of β 1 integrin from the growth cone 15, 37 and (ii) are alone sufficient for growth cone repulsion 17, 18 . The Ca 2+ effector proteins regulating β 1 integrin internalization remain to be determined, but the Ca 2+ dependent phosphatase calcineurin, which directly regulates the function of dynamin in nerve terminals 38 , has also been implicated in repulsive growth cone turning 39 . In addition to endocytic traf ficking, calcineurin has been shown to participate in deadhesion of the growth cone from the ECM induced by focal Ca 2+ signals 40 . We observed a significant decrease in surface β 1 integrin as early as 1 min after MAG stimulation, which is in line with the temporal dynam ics of rapid Ca 2+ and dynaminmediated endocytosis observed in synaptic terminals 21, 38 . An understanding of the functional roles of endocytic processes in growth cone extension and guidance remain incomplete. Our find ings indicate that the MAGstimulated surface removal of β 1 integrin requires a CME pathway, as does chemorepulsion by a MAG gradient. Clathrindependent endocytosis has been implicated in growth cone collapse 41 and the desensitization 42 induced by collapsing factors, but an endocytic cargo with a functional role in the collapsing response remains unidentified. Collapsing factors and chemorepellents can also stimulate fluidphase or macropinocytotic endocytosis 43, 44 . The function of this process is unknown, but it may reflect the need to engulf large amounts of surface membrane to reduce the size of the growth cone during collapse. We found that MAG did not stimulate fluidphase endocytosis but induced the formation of small endocytic vesicles and selective surface removal of β 1 integrin over Ncadherin and α 5 integrin. Our observation of lowamplitude Ca 2+ signals driving internalization of β 1 integrin raises the question of how specific cargo are sequestered into endocytic pits and internalized. This is beyond the scope of our study but may be related to an endocytic process whereby higheramplitude Ca 2+ signals control receptor density and subunit composition in postsynaptic terminals 45 .
Binding of MAG to NgR inhibits axon extension in rodent cerebellar granule neurons and dorsal root ganglion neurons 12, 14 and induces Ca 2+ dependent repulsion of Xenopus spinal neuron growth cones 15 . A recent report indicated that MAG can also bind β 1 integrin in vitro and induce FAK activation in cultured hippocampal neurons that is dependent on the expression of β 1 integrin 46 . The latter findings sug gest that β 1 integrin can mediate outsidein signals downstream of MAG. In comparison, we found no polarized activation of FAK in the growth cone of Xenopus spinal neurons induced by a MAG gra dient. Our findings provide evidence for an insideout mechanism whereby lowlevel Ca 2+ signals, known to be downstream of NgR com plex activation 16 , trigger endocytosis of β 1 integrin. However, these observations do not exclude the possibility that additional receptors or signaling pathways could also trigger surface removal of β 1 integrin.
In addition to Ca 2+ signals, NgR activation can stimulate the rhoA ROCK pathway, which is a known regulator of the actin cytoskeleton and adhesion complexes 47 . Furthermore, Ca 2+ signals can modu late rhoA activity, and these two pathways may undergo crosstalk downstream of NgR activation 48 . Our results indicate that the MAG induced surface removal of β 1 integrin is Ca 2+ dependent but does not require ROCK activity (see Fig. 5 ). Thus, these two pathways can act in parallel, which may govern downstream effector processes synergistically and steer growth cones more effectively. Our finding that inhibiting CME caused no preferential turning to a MAG gradi ent, but may not have completely abolished chemorepulsive turning, does not exclude the possibility of this cooperative model. Altogether, our findings reveal that a diffusible guidance cue can direct integrin trafficking to modulate the functional distribution of integrin and vinculincontaining adhesions in the growth cone during repulsive guidance. Our results also provide support for the idea that manipulations to increase integrinmediated adhesion may help overcome factors inhibitory to neuroregeneration at sites of injury. Enhancing overall adhesion might provide a permissive environment for the regrowth of injured axons that have downregulated integrins during nervous system development 49, 50 . Furthermore, our results suggest that stimulating integrin function could have a dual role by overcoming the asymmetric deadhesion induced by gradients of inhibitory factors that repel regenerating axons and prevent them from crossing the injury site.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
ONLINE METhODS
culture preparation and Xenopus embryo injection. Cultures of spinal neurons were prepared from the neural tube tissue of 1d old (stage 22) Xenopus laevis embryos by methods previously described 15 and used for experiments 14-20 h after plating at 20-22 °C. All experiments were conducted with the approval of the Mayo Clinic Institutional Animal Care and Use Committee. Blastomere injection was performed as described previously 26 . Morpholino oligonucleotides or mRNA (1-2 μg μl −1 ) were injected into one or two blastomeres at the one to fourcell stage. A 1.9kb fragment encoding the C terminus of AP180 was PCRamplified from pFLAGCMV2AP180C and subcloned into pCS2+RFP (Addgene plas mid 17112) using standard procedures. In vitro transcription of capped mRNA was performed using the mMessage mMachine kit (Ambion). Unless indicated, we coated all cover glasses with polydlysine (Sigma, 0.5 mg ml −1 ) followed by fibronectin (Sigma, 20 μg ml −1 Fm-dye internalization assay. To deliver a gradient of MAG (200 μg ml −1 in the micropipette; 5min; R&D systems; 0.1% BSA carrier in modified Ringers) or control BSA vehicle (0.1%), we positioned a micropipette facing the growth cone at a 90° angle to the axon trajectory before FM dye labeling (see functional growth cone turning assay). Spinal neuron cultures were grown on uncoated cover glasses. For focal dye labeling, we delivered a transient pulse of FM 595 (1 mM in the pipette; Invitrogen) to individual growth cones from a second micropipette positioned 100 μm in front of the leading edge of the growth cone in the direction of neurite extension. A Picospritzer (Parker Instrumentation) controlled focal dye application (2 Hz, 400 ms pulse duration, four pulses, 2.5 p.s.i.) at the onset of fluorescence imaging (1 Hz) with a Zeiss Axiovert 200M LSM 5LIVE confocal microscope (×63, 1.2 numerical aperture water immersion lens, ×2 optical zoom). Original eightbit images were analyzed using ImageJ software (US National Institutes of Health). A region of interest outlining the growth cone periphery, including lamellipodia and filopodia, was created for each time point and used to determine the centroid (center of the growth cone area). Images were thresholded and converted to binary (plasmalemmal dye fluores cence = 0; endosomal dye fluorescence = 1). The software calculated the center of mass (COM) xy coordinates from the binary image 34 . We calculated the shift in endocytic COM by subtracting the centroid from the COM. The COM shift data from five consecutive time points (5 s) were averaged into a binned group. b 1 -integrin Fab internalization assay. Antiβ 1 integrin IgG (8c8, University of Iowa Developmental Studies Hybridoma Bank) hybridoma cell supernatant was purified using standard protein G purification (Mayo Clinic Monoclonal Antibody Core Facility). We generated β 1 Fab fragments by enzymatic digestion of IgG using ficin (Sigma). After dialysis and size exclusion chromatography, we pooled purified Fab fractions (assessed by SDSPAGE and SYPRO Ruby staining; Invitrogen) and tested for the ability to bind unpermeabilized spinal neurons using standard immunofluorescence microscopy. For internalization assays, we incubated spinal neuron cultures with β 1 Fab (20 μg ml −1 ) for 10 min to bind sur face β 1 integrin, followed by consecutive rinses with modified Ringers to remove unbound Fab. We then treated cells with BSA vehicle, MAG (1 μg ml −1 ) or solu ble laminin (25 μg ml −1 ; Invitrogen) during a 20min internalization period at 20-22 °C. Consecutive rinses at 8 °C with modified Ringers and pH 3.0 modified Ringers removed uninternalized β 1 Fab from the surface membrane after the internalization period, and were followed by standard fixation, permeabilization, blocking and secondary antibody detection 16 [Ca 2+ ] e , we added ionomycin (5 nM, LC Labs) at the onset of the 20min internalization period; or we added DMSO vehicle. After the internalization period, unbound Fab was removed using pH 3.0 calciumfree modified Ringers. For growth cone surface binding experiments, we incubated cells with β 1 Fab for 15 min at 8 °C followed by consecutive rinses at 8 °C with modified Ringers and processing as described above.
Immunofluorescence, fluorescence microscopy and image analysis. Spinal neuron cultures were chemically fixed in a cytoskeletonstabilizing buffer con taining 2.5% paraformaldehyde and 0.01% glutaraldehyde for 20 min. All block ing and immunolabeling steps were performed in modified Ringers containing 5% goat serum. Alexadyelabeled secondary antibody conjugates (Invitrogen) were used at 2 μg ml −1 . Unless indicated, we performed all fluorescence micro scopy using a Zeiss Axiovert 200M inverted microscope equipped with a ×63, 1.4 numerical aperture oilimmersion objective and a Zeiss AxioCam CCD camera with identical acquisition settings for control and experimental groups. The original 14bit images were analyzed using ImageJ (BioFormats ZVI plugin). A region of interest encompassing the entire growth cone (defined as the distal 20 μm for surface immunolabeling, distal 40 μm for Fab and fluidphase inter nalization assays) was used to determine the mean fluorescence intensity of thresholded images (identical for experimental and control conditions). Data were background subtracted and normalized to the appropriate controls.
Immunolabeling of growth cone surface receptors. Spinal neuron cultures were treated with MAG (1 μg ml −1 ) or a control BSA vehicle solution for the indicated times, followed by standard fixation. We immunolabeled unpermeabilized cells using a monoclonal antibody to the extracellular domain of β 1 integrin (8c8c, 1:50), followed by secondary antibody detection. Pharmacological inhibitors LY294002 (3.33 μM; Calbiochem) and Y27632 (25 μM; Calbiochem), as well as MnCl 2 (1 mM), were added 30 min before MAG stimulation. To buffer intra cellular Ca 2+ , we incubated cells for 30 min in lowCa 2+ (30 nM) solution consist ing of 50% culture medium and 50% EGTAbuffered saline (in mM: 120 NaCl, 4.9 KCl, 1.55 MgCl 2 , 1.25 glucose, 5 sodium pyruvate, 4 HEPES, 0.65 EGTA, pH 7.6) and then added BAPTAAM (1,2bis(oaminophenoxy)ethane N,N,N′,N′tetraacetic acid, tetraacetoxymethyl ester, 1 μM; Calbiochem) or DMSO vehicle for 30 min more while maintaining [Ca 2+ ] e at 30 nM. We removed remain ing extracellular BAPTAAM by consecutive washes in lowCa 2+ saline and then incubated cells for a further 20 min equilibration period before MAG or vehicle treatment. To measure only receptors at the plasmalemma, we excluded inad vertently permeabilized growth cones from the analysis, as identified by tubulin immunofluorescence with polyclonal anti-βtubulin (Abcam ab15568, 0.4 μg ml −1 ) or monoclonal anti-αtubulin (Abcam DM1A, 0.25 μg ml −1 ). We used iden tical procedures for surface detection of Ncadherin (Santa Cruz H63, 0.5 μg ml −1 ) and α 5 integrin (P8D4; 4 μg ml −1 ; D. DeSimone; see Supplementary  Fig. 7) . The specificity of β 1 integrin antibodies was assessed by surface immuno labeling in spinal neuron cultures in which β 1 integrin levels were knocked down using antisense morpholino oligonucleotides (standard control antisense, 5′ CCTCTTACCTCAGTTACAATTTATA3′, 0.7 mM; β 1 integrin antisense, 5′GTGAATACTGGATAATGGGCCATCT3′, 1.4 mM). Coinjection of Texas Red-dextran (1.5 mM, 3,000 kDa, lysine fixable, Invitrogen) identified morpholinopositive cells and surface immunolabeling was performed as described above using antibody 8c8 or the polyclonal β 1 integrin function blocking antibody 2999 (see Supplementary Fig. 3 ).
Retrospective detection of growth cone adhesion proteins. To deliver a gra dient of MAG (150 μg ml −1 in the micropipette; 5 or 15 min), we positioned a micropipette at a 90° angle relative to the direction of neurite extension (see functional growth cone turning assay). Because only one growth cone per dish was exposed to the MAG gradient, additional growth cones were used randomly as untreated controls. Surface β 1 integrin was immunolabeled as described above. Inadvertently permeabilized growth cones (βtubulin positive), growth cones with a β 1 integrin fluorescence signal less than double background levels and growth cones with a diameter < 7 μm were excluded from analysis. We performed vinculin (Sigma V931, 1:250) and phosphoFAK (BioSource 44624G, 1:250; see Supplementary Fig. 5 ) immunolabeling on permeabilized cells (0.2% TritonX 100) and used Alexa555 secondary antibody conjugates. Total protein labeling with an aminereactive fluorescein (5DTAF, 400 nM, Invitrogen) accounted for differences in growth cone thickness 35 . To colabel β 1 integrin and phosphoFAK, we performed surface β 1 integrin immunolabeling on fixed cells followed by per meabilization, primary, and secondary detection of phosphoFAK. Imaging was performed on a Zeiss Axiovert 200M microscope equipped for TIRF microscopy
